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Abstract 8 
Advances made in recent years have allowed the application of colorants obtained from 9 
natural sources into textile dyeing. The use of ultrasound in the dyeing method is reported to 10 
increase dye uptake and decrease dyeing times. The aim of this work is to further extend the 11 
knowledge of natural hair dyes considering the use of ultrasound in the dyeing method with 12 
commercially available herbal dyes and using goat hair as a model for human hair. Optimal 13 
ultrasonic parameters were selected by considering the effects of sonication times (5, 10 and 14 
15 min), frequencies (44, 400 and 1000 kHz) and total dyeing times (30, 60 and 120 min) in 15 
the morphology of the dyed hair and the colour intensity. Damage to the hair surface was 16 
evaluated by scanning electron microscopy (SEM) images, differences in colour of the dyed 17 
hair was obtained by ImageJ analysis and quantification of dye uptake was determined by 18 
UV-visible spectroscopy. The evidence from this study suggests an increase in goat hair 19 
coloration with the use of ultrasonic energy. Optimal dyeing conditions in consideration of 20 
colouration efficacy without hair damage were identified as sonication at 400 kHz for 10 min 21 
with a total dyeing time of 60 min.  22 
1. Introduction 23 
Replacing the use of chemical based hair dyes with natural alternatives is considered to be a 24 
challenge in the hair colour industry. Although natural dyes are known to offer a non-toxic, 25 
and eco-friendly alternative, some limitations need to be overcome including the longer 26 
dyeing times and a narrow shade range.  27 
Natural hair dyes are increasing in popularity due to the actual knowledge in the toxicity and 28 
human health risks linked to chemical hair dye ingredients, as well as their pollution effects 29 
on the environment. Therefore, natural hair dye formulations are based on non-toxic, and eco-30 
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friendly alternatives with colorants being obtained from natural sources, such as plants and 31 
minerals [1].  32 
Hair dye is divided into demipermanent, permanent, temporary and semipermanent based on 33 
colour durability [2]. For the case of demipermanent and permanent hair dyes (oxidation 34 
dyes), the shade is formed by interactions between colour precursors and an oxidizing agent 35 
and the diffusion of the molecules into the cortex. The diffusion pathways followed by the 36 
molecules while they penetrate into the hair fibre have been discussed in several studies [3, 37 
4]. On the other hand, temporary and semipermanent hair dyes consist of coloured molecules 38 
that can be deposited in the cuticles (temporary) or some might penetrate into the cortex 39 
(semipermanent). Vegetable and herbal dyes offer a purely natural semipermanent colorant 40 
alternative. Some of the natural colorants used for hair dyeing include henna and indigo in 41 
their mixtures [5, 6], the most common being henna.  42 
Henna is extracted from the leaves of lawsonia inermis where lawsone (2-hydroxy-1, 4-43 
naphthoquinone) is the main active ingredient of the henna plant [5]. Whilst dyeing 44 
characteristics and colour depth of indigo and henna may be improved by the pH of the dye 45 
solution [5], limited fastness, poor colour performance, longer dyeing times and a narrow 46 
shade range have limited the use of natural hair dyes [1, 7]. Therefore, new natural hair dye 47 
formulations and new technological development in hair dyeing should address these 48 
limitations.   49 
Ultrasonic-assisted dyeing has been popular in the textile industry (with synthetic and natural 50 
dyes) due to the need for more energy efficiency processes. Ultrasound has been used for a 51 
range of fibres and threads such as wool [8], jute [9], cotton [10] and nylon [11]. In natural 52 
textile dyeing, ultrasound has enhanced coloration and dye extraction [1, 12]. For example, 53 
the diffusion and penetration of sticta coronata lichen natural dye through silk fibres and 54 
cochineal natural dye through cotton fabrics were enhanced when ultrasound was used in the 55 
dyeing procedure [13, 14]. The use of ultrasound also improved the extraction efficiency of 56 
colorant from beetroot and dyeing of leather [12]. The colour yield of nylon 6 nanofibers was 57 
also enhanced, and dyeing times reduced, with ultrasound [15]. For all varieties of fibres 58 
(with exclusion of polyester), ultrasound reduced the dyeing temperature, the amount of dye 59 
and the dyeing time [16]. 60 
Ultrasound enhances dyeing via several possible mechanisms such as: breaking aggregates of 61 
dyes and increasing their diffusion into the fibre; improving fibre-dye contact by removing 62 
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air; breaking the fibre-dye interfacial layer to increase dye diffusion; increasing the swelling 63 
of fibre which would facilitate dye diffusion through the fibre; and heating and vibration [17]. 64 
Given the reported improvement in textile dyeing performance and various fibres the focus of 65 
the present work is to investigate the influence of ultrasound in hair dyeing. To the best of the 66 
authors’ knowledge this is the first time ultrasound has been investigated for augmentation of 67 
hair dyeing. In order to understand the effects of ultrasound, ultrasonic parameters were 68 
selected using a commercial natural hair dye and ultrasonic calibrations were done to confirm 69 
and quantify acoustic cavitation characteristics in the dyeing vessel for different ultrasonic 70 
frequencies. The effects of sonication on hair morphology, colour intensity and dye uptake 71 
were evaluated.  72 
2. Experimental 73 
2.1 Materials 74 
Goat hair was obtained from Mike Wye & Associates Ltd, UK. Clarifying shampoo 75 
(Detoxify Shampoo) was purchased from Osmo Effects, UK. Herbal dye (Logona tizian 76 
colour cream) was purchased from LOGOCOS naturkosmetik AG, Germany. Logona tizian 77 
uses Lawsonia Inermis (Henna) extract as a main colourant, for a full ingredient list is 78 
available online [18]. Chemical hair dyes (Loreal colorista washout #red hair and Schwarzkof 79 
043 red passion) were purchased from Amazon, UK. Potassium iodide (≥ 99.5% purity) was 80 
obtained from Fisher Scientific, UK. Sodium hydroxide (≥ 97%, pellets) and Luminol (97%) 81 
were purchased from Sigma-Aldrich, UK. Xanthan gum was obtained from CP Kelco, USA.  82 
2.1.1 Goat hair as model for human hair 83 
For human beings, fibre diameter is depended of a person race, sex, hormonal changes and 84 
age but it can range between 50 and 100 µm [19, 20]. Hair diameters are variable in animal 85 
fibres, even between hairs from the same animal. These diameters are influenced by the 86 
animal metabolic and nutritional state and could range between 10 and 250 µm [21]. For 87 
human hair, the cuticle is formed by 5 to 10 scales thick and the thickness and length of each 88 
scale is between 0.3 and 0.5 µm and between 5 and 10 µm, respectively [19]. For animal 89 
fibres, cuticles vary significantly between species where cashmere cuticle thickness is 90 
between 0.5 and 0.6 µm [22]. Due to chemical and structural similarities between human and 91 
animal hairs, goat hair was used in this work as a model for human hair. However, dye uptake 92 
in animal hair compared to that occurring in human hair would not completely correlate due 93 
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to other differences between hairs of these sources, such as the subunits (cell residues) 94 
forming the fibre [23]. 95 
2.2 Conventional dyeing procedure 96 
Goat hair was washed with clarifying shampoo in warm tap water in order to remove all 97 
residues. After the hair was dried at room temperature, commercial hair dyes (4 g) were 98 
applied to the hair (0.16 g) following the instructions on the package (dyeing times 60 min 99 
and 30 min for herbal and chemical dyes, respectively) at room temperature (20 ± 2 °C). 100 
Colouring was also performed for dyeing times between 30 and 120 min using the herbal dye. 101 
2.3 Evaluation of ultrasound effect in the dyeing method 102 
Goat hair was dyed following the conventional dyeing method, but for these experiments 103 
ultrasound was used during hair coloration for time intervals of 5, 10 and 15 min and 104 
ultrasonic frequencies of 44, 400 and 1000 kHz. Preliminary work did not show an effect of 105 
time of ultrasound with respect to the hair dyeing however where applicable ultrasound was 106 
commenced within the first five minutes of dye treatment. Ultrasonic waves were emitted 107 
from a transducer (Honda Electronics Co. LTD) fitted at the bottom of a glass vessel and 108 
amplified by a T&C Power Conversion AG 1006 amplifier with a load power set to 40 W. 109 
Figure 1 shows a schematic representation of the ultrasound system.   110 
Dosimetry and calorimetry measurements were made following the procedure proposed by 111 
Koda et al. [24]. For both dosimetry and calorimetry, the mean and the standard deviation of 112 
three experiments were reported. Calorimetric power for sonication time of 5 min and 113 
ultrasonic frequencies of 44, 400 and 1000 kHz were equal to 20.2 ± 1.7 W, 28.7 ± 1.2 W and 114 
28.3 ± 0.4 W, respectively.  115 
For dosimetry, an aqueous KI solution (using deionised water) was prepared with a 116 
concentration of KI of 0.1 mol dm
-3
. Ultrasound was irradiated into the KI solution for 117 
different ultrasonic frequencies (44, 400 and 1000 kHz) and three time intervals (5, 10 and 15 118 
min). The absorbance of I3
-
 (at wavelength of 355 nm) was recorded for each experiment and 119 
the concentration of I3
-
 was calculated using Beer-Lambert absorption law (path length of 1 120 
cm and molar absorptivity of 26,303 dm
3 
mol
-1 
cm
-1
 [24]). In order to further probe the 121 
presence of high energy cavitation activity in the dyeing vessel, sonoluminescence was also 122 
performed. The samples analysed include deionised water and herbal hair dye. 123 
Sonoluminescing bubbles in the dyeing vessel were recorded by an ANDOR iXon3 EMCCD 124 
camera and photographed at 40 s exposure time using a dark box.  125 
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To further understand the spatial distribution of chemically active bubbles 126 
sonochemiluminescence measurements were conducted in an alkaline solution with luminol. 127 
Sonochemiluminescence images were taken with an ANDOR iXon3 EMCCD camera at 40 s 128 
exposure time using a dark box. The emission of light when the solution is exposed to 129 
ultrasound is used to visualise the spatial distribution of cavitation in solution [25]. This is 130 
due to the chemical reaction of luminol molecules with OH radicals produced inside the 131 
bubbles [26]. Sonochemiluminescence measurements were also performed on xanthan gum 132 
gels (at concentrations of 0.1, 0.2, 0.4 and 0.6%) prepared using the alkaline solution (0.1 M 133 
NaOH) with luminol (1 mM). These were used to further understand the chemically active 134 
cavitation at different viscosities. 135 
For the preparation of gels, the appropriate mass of xanthan gum and volume of solution were 136 
mechanically stirred for 5-10 min until homogeneous using an Omni mixer homogenizer 137 
(Omni International Inc., USA) and centrifuged at 4500 x g for at least 15 min using a 138 
Megafuge 16R (ThermoFisher, USA). Gels viscosities were measured at 24 ± 1 °C using a 139 
Physica UDS 200 rheometer (Anton-Paar Ltd).  140 
2.4 Analysis of hair morphology 141 
The morphology of the virgin and dyed hair were determined using scanning electron 142 
microscopy (SEM) analysis. Experiments were performed using SEM (JEOL JSM-7100F, 143 
JEOL USA Inc., USA), with spatial resolution of 1.2 nm at 30 kV, equipped with secondary 144 
and backscattered imaging coupled with Ultradry energy disperse X-ray (EDX) for elemental 145 
analysis. Dry hair was fixed to an aluminium stub using a carbon double-faced tape. The 146 
sample was coated with ~4 nm of conductive gold layer. 147 
2.5 Analysis of hair colour 148 
Dyed hair was photographed using a digital camera, Panasonic model DMC-FZ50, with 10.1 149 
megapixels. Pictures were taken by placing the hair in a dark box to block other sources of 150 
light, and a light panel was used to ensure similar luminosity between experiments. 151 
Differences in colour of the dyed hair were obtained by ImageJ 2.0 [27]. 152 
In this study, RGB and HSV colour spaces are used in image processing. In RGB, colours are 153 
specified based on the three primary colours red (R), green (G) and blue (B), whereas in HSV 154 
colours are specified in terms of three attributes that are perceived about colour hue (H), 155 
saturation (S) and intensity value (V). In the HSV space, colours are arranged in a circle 156 
(called Newton’s colour circle) and described using the three attributes [28]. Hue values 157 
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define the colour as red, yellow, green, cyan, blue and magenta. Saturation values are related 158 
with the amount of grey in the colour (as the saturation value is lower, the amount of grey is 159 
higher) and the brightness or intensity of the colour is described by value where 0% is black 160 
and 100% is the brightest. The HSV space is the most natural way for humans to describe and 161 
organise colours [28]. 162 
Colour histograms were obtained in order to acquire the statistical distribution of pixels as a 163 
function of the colour component. RGB (red, blue and green) histograms were constructed 164 
using the selected area of the images where each colour of the RGB model is composed of 165 
256 tones [29]. RGB histograms were created for a 63 × 30 pixel square region in three 166 
different regions of each image, an example is shown in Figure 2. All reported RGB values in 167 
this work represent the mean and standard deviation of the three measurements in different 168 
regions of the hair sample. The transformation between RGB and HSV and the calculation of 169 
hexadecimal colour values (#HEX number) were done through colour calculator programs 170 
available online [30, 31]. 171 
2.6  Quantification of dye uptake and comparison of colour fastness 172 
Quantification of dye uptake was performed by placing the dyed hair with deionised water (6 173 
ml) in a water bath at 40 °C for 30 min intervals (total time 120 min). Colour fastness for 174 
select experiments was examined using washing in 6 mL of warm water for 5 min intervals. 175 
The concentration of the dye released from the hair was determined by UV-visible 176 
spectroscopy from absorbance measurements (at 477 nm for the herbal dye) using the 177 
respective calibration curve of the hair dye. Dye exhaustion (𝐸, Equation 1) was used to 178 
compare dye uptakes at different settings using the total mass of dye released, (𝑚𝑇, Equation 179 
2). 180 
𝐸 =
𝑚𝑇
𝐷
× 100 (1) 
𝑚𝑇 =∑𝐶𝑖 × 𝑉𝑖
4
𝑖=1
 
(2) 
Where 𝐶𝑖 is the concentration in g/mL released in wash 𝑖, 𝑉𝑖 is the volume of wash 𝑖 (6 mL) 181 
and 𝐷 is the initial dye offer (4 g). This is used as a comparative measure but it should be 182 
noted that the initial offer was in excess to maximise potential uptake and so exhaustion 183 
values are low. 184 
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3. Results and Discussion 185 
Different factors were analysed in this study, including the effect of ultrasound time, dyeing 186 
time, and ultrasonic frequency. Comparative studies were made for hair samples that were 187 
dyed using the conventional method and for the ones dyed with ultrasound in the dyeing 188 
method. The morphology of the hair fibres was determined using SEM, differences in colour 189 
of the dyed hair were obtained by ImageJ analysis and quantification of dye uptake was 190 
acquired by UV-visible spectroscopy.  191 
3.1 Characterization of the undyed and dyed hair. Effect of dyeing time in the 192 
conventional dyeing method  193 
Hair fibre structure is formed by three layers, cuticle, cortex and medulla (not always 194 
present), composed of dead cells filled with keratin protein [19]. The outer cuticle layer is 195 
formed by overlapping cells called scales and variation in cuticle structure can evidence the 196 
damage to hair. Smooth unbroken scale edges are found in undamaged cuticles, while broken 197 
scales edges are observed in damaged ones [32]. 198 
Figure 3 shows the morphology of the undyed and the dyed goat hair using the conventional 199 
dyeing method. The undyed hair shows a regular and smooth fibre surface (Figure 3a), 200 
similar to the human virgin hair surface [19]. The dyed hair with the herbal dye shows some 201 
damage to the cuticular layer (Figure 3b) where outer cuticles were fractured and/or peeling 202 
off the hair. Cuticle damage to different extents have also been reported in bleached and 203 
permed hair and after hair is exposed to continuous grooming and styling [33, 34]. Although 204 
the natural dye formulation in Figure 3b is based on henna as the active ingredient and free 205 
from para-phenylenediamine, peroxide and ammonia, more damage to the hair fibre is 206 
observed when compared with the chemical dye in Figure 3c. Previous literature on the 207 
influence of henna on contact dermatitis has been reported [35]. However, to the authors’ 208 
knowledge, the effect of henna based formulations on hair damage is not well documented. In 209 
an analysis of consumer responses to henna hair dyes, general dissatisfaction was related to 210 
hair feeling coarse, brittle and unmanageable, supported by these results [18]. 211 
Figure 4 shows the digital images for the undyed and the dyed goat hair (using herbal and 212 
chemical dyes). The reddish-brown tone found with the herbal dye is shown in Figure 4b and 213 
the red tones obtained with the chemical dyes are shown in Figure 4c-d. Image processing 214 
results for the undyed and the dyed hair are shown in Table 1. 215 
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The appearance of colour changes was assessed in HSV colour space. Table 1 shows that the 216 
hue value for undyed hair is mainly yellow (60°) and for the dyed hair is within the red (0-217 
15°) or orange colour (16-45°) [36, 37]. Comparing the dyed hair using the chemical dyes, 218 
the redder and brightest tone was achieved by the semi-permanent dye as seen by a hue of 0° 219 
and a value of 30.6%, while a darker red was obtained for the permanent dye as the value 220 
goes down to 16.1%. Saturation suggests that the most vivid colour is found for the semi-221 
permanent dye with 78.2%. For the case of the herbal dye, the hue value is within the orange 222 
and brown colour (21-40°). Red percentages in Table 1 also shows that the dyed hair using 223 
the semi-permanent dye (69.6%) contains mainly red, followed by the permanent dye 224 
(65.1%) and the herbal dye (51.3%).  225 
This work is mainly based in the study of hair morphology and colour intensity for dyed hair 226 
using natural hair formulations. Therefore, the effect of different dyeing times (30, 60, 120 227 
min) on hair coloration was analysed for the herbal dye.  228 
Figure 5 shows the hair surface of the dyed goat hair using the conventional method for 229 
dyeing times of 30, 60 and 120 min. As the dyeing time increases, the damage to the cuticular 230 
layer increases. Figure 5a-b shows that the hairs exposed to dyeing times of 30 and 60 min 231 
experienced an intermediate damage, with scales of the cuticle missing. However, severely 232 
damaged hair was found for dyeing times of 120 min, (Figure 5c) with incomplete cuticle 233 
layers evident. Besides the fractured and lifted cuticles, Figure 5 also shows holes in hair 234 
fibre which have been observed in damaged hair subject to severe bleaching conditions [33]. 235 
Figure 6 shows the digital images for the dyed goat hair and image processing results are 236 
shown in Table 2. Hue values are within the orange and brown colour (21-40°). As the 237 
dyeing time increases, the hue values decreases (from 47.4 to 33.9°) due to colour being 238 
redder, and saturation values increases (from 73.6 to 96.2%) suggesting a pure or vivid colour 239 
(lower amount of grey). Table 2 also shows that the colour is darker (the value goes down 240 
from 43.1 to 31.0%) and that the percentages of red increases (from 47.4 to 61.7%) with 241 
longer dyeing times. 242 
Quantification of dye uptake in Figure 7 shows higher dye uptake as dyeing time increases. 243 
Although dye uptake is larger for 120 and 180 min, SEM images (Figure 5) suggest a severe 244 
damage to the hair. Increase colourant performance and reduce dyeing time is the current 245 
challenge to overcome in the natural hair dye industry. Therefore, a dyeing time of 60 min is 246 
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selected to evaluate the potential of ultrasound to enhance hair dyeing due to HSV (Table 2) 247 
and dye uptake (Figure 7) results. 248 
3.2 The effect of ultrasound time and frequency in hair morphology and colour intensity 249 
In order to characterise the acoustic cavitation in the dyeing vessel for different ultrasonic 250 
frequencies, chemical dosimetry was performed. Dosimetry results are shown in Figure 8. 251 
The yield of I3
-
 in the dyeing vessel after sonication (for 5, 10 and 15 min) at 400 kHz are 252 
greater than the ones achieved for ultrasonic frequencies of 44 and 1000 kHz. These 253 
observations suggest that more chemical activity from cavitation occurs in the dyeing vessel 254 
at a frequency of 400 kHz when compared to other frequencies. Therefore, more bubbles 255 
and/or stronger bubble collapse are likely as expected from known frequency effects of 256 
ultrasound [26, 38]. This agrees with frequency effects studies where sonochemical activity is 257 
enhanced at mid to higher frequencies from a balance between bubble population and 258 
collapse intensity [39] dependent on system parameters. 259 
The hair morphology of the dyed goat hair using ultrasound in the dyeing method for time 260 
intervals of 5, 10 and 15 min and ultrasonic frequencies of 44, 400 and 1000 kHz was 261 
analysed. A dyeing time of 60 min was used in all the experiments. In general, some damage 262 
to the cuticular layer was observed for all the hair samples. The higher the ultrasonic 263 
frequency, the more damaged the hair where erosion of the cuticle and disappearance of some 264 
scales was observed. 265 
Figure 9 shows some scales of the cuticle missing for frequency maintained at 44 kHz with 266 
more damage to the cuticular layer for hairs exposed to 15 min of ultrasound. Similarly 400 267 
kHz treatment shows an increase in missing cuticle scales with an increase in ultrasound time 268 
(Figure 9, middle). The cuticular layer was significantly more damaged for 1000 kHz than 269 
those for 44 and 400 kHz (Figure 9, bottom). Treatment regimes of 15 min of ultrasound at 270 
44 and 400 kHz and for 10 min and 15 min ultrasound at 1000 kHz showed changes in the 271 
hair structure not otherwise observed in these treatments. This change is due to shallow and 272 
deep grooves in hair fibre observed in ~80% of the analysed hair fibres that were exposed to 273 
ultrasound for 15 min. Similar observations of grooves was identified by SEM in various 274 
pathologic hair shaft abnormalities in patients with ectodermal dysplasia [40]. This indicates 275 
that prolonged exposure to ultrasound can damage the hair structure. 276 
Hair damage in this work (ultrasonic frequencies of 44, 400 and 1000 kHz) is not consistent 277 
with some reports in the literature that ultrasonic assisted dyeing of wool, polyamide and 278 
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cotton [17, 41] did not alter fibre structure. However, others work in the literature report that 279 
fibre damage (like cracking and scale removal) is produced by ultrasound at low and high 280 
frequencies [42, 43]. The damage to the fibre was attributed to the energy concentrated at the 281 
surface due to the violent collapse of bubbles formed during cavitation. This energy impacts 282 
the cuticle and is believed not to affect the cortical cells [43]. 283 
Image processing results for the dyed hair using ultrasound (for time intervals of 5, 10 and 15 284 
min and ultrasonic frequencies of 44, 400 and 1000 kHz) are shown in Table 3. The results 285 
show that the lowest hue value (closer to red, 30.8°) is achieved when sonication was used 286 
for 10 min for a frequency of 400 kHz. A saturation equal to 95.0% suggests that the most 287 
vivid colour is found for the same ultrasonic parameters, as well as the largest proportion of 288 
red (63.0%). 289 
Figure 10 compares the array of colours achieved when frequency, dyeing time and 290 
sonication time were altered. This figure shows differences in colour when ultrasound is used 291 
in the dyeing method and when dyeing time is increased without ultrasound. It is evident that 292 
the most vivid colours are found for 120 min dyeing without ultrasound and for 60 min 293 
dyeing with ultrasound at 400 kHz and 10 min sonication time. However, the effects of 294 
ultrasonic parameters in colour are difficult to compare conclusively. 295 
 296 
For a total dyeing time of 60 min, the effect of sonication times (5, 10 and 15 min) and 297 
frequencies (44, 400 and 1000 kHz) in dye uptake is shown in Figure 11. Comparing the 298 
amount of dye uptake for hair samples that were dyed using the conventional method (Figure 299 
7) and for the ones dyed with ultrasound in the dyeing method and dyeing time of 60 min, an 300 
increase in dye uptake is achieved when ultrasound is used. Figure 11 suggests that dye 301 
uptake depends on the selection of ultrasonic parameters.  302 
Figure 11 shows that larger dye exhaustion values equal to 4.47, 4.81 and 5.13 x 10
-1
 % were 303 
achieved for samples exposed to ultrasound with 15 min sonication and 1000 kHz, 15 min 304 
sonication and 44 kHz, 10 min sonication and 1000 kHz, respectively (total dye time of 60 305 
min). In comparison dye exhaustion values of 2.18, 3.71 and 5.66 x 10
-1
 % were achieved for 306 
samples dyed without ultrasound for 60, 120 and 180 min, respectively (Figure 7). These 307 
results suggest that using ultrasound in the hair dyeing procedure decreases dyeing time 308 
(from 120-180 min to 60 min), as reported for textile dyeing [1, 15]. However, SEM 309 
observations suggest that severe damage on the hair fibre was found for sonication times of 310 
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15 min for all the frequencies and for all sonication times at 1000 kHz. Therefore, based on 311 
dye uptake results, SEM observations and augmentation of hair coloration, ultrasonic 312 
parameters equal to 10 min sonication and a frequency of 400 kHz is confirmed to achieve 313 
maximum dye uptake and colour intensity with minimal damage to the hair fibre.  314 
Maximum effects of cavitation for textile treatment (scouring treatment) and wool dyeing 315 
were reported at low frequencies, 20-50 kHz [44] and 35-39 kHz [17] respectively. In this 316 
work, dosimetry measurements indicate that more active cavitation occurred in the dyeing 317 
vessel at a frequency of 400 kHz when compared to other frequencies. Additionally, Figure 318 
11 shows that for a frequency of 400 kHz, dye uptake increases as sonication time increases. 319 
No significant differences were observed for other frequencies when sonication time 320 
increases. 321 
3.3 The effect of non-continuous ultrasonic times in hair morphology and colour intensity 322 
In order to identify if dye uptake and colour intensity are enhanced, non-continuous 323 
ultrasonic times, totalling 10 mins (5 + 5 mins), 20 mins (10 + 10 mins) and 30 mins (15 + 15 324 
mins) were analysed with a frequency maintained at 400 kHz and dyeing times equal to 30 325 
and 60 min. Image processing results in Table 4 show that hue values are within the orange 326 
and brown colour (21-40°).  327 
The lowest hue values are achieved for 30 min of ultrasound and dyeing times of 30 min 328 
(28.1°) and 60 min (non-continuous ultrasound, 29.1°) due to colour being redder, compared 329 
to the lowest hue value (30.8°) that was achieved for 10 min sonication and 60 min dyeing. 330 
Table 4 also shows that a redder colour is produced for 10 mins of continuous ultrasound and 331 
with 30 min dyeing (hue equal to 35.7°) than for 5 mins of continuous ultrasound with 60 332 
min dyeing (hue equal to 41.6°). These observations exemplify that ultrasound has a 333 
significant effect on the reduction of dyeing times. 334 
Figures S-1 and S-2 (see supporting information) show the hair surface of the dyed hair using 335 
non-continuous ultrasonic times with a frequency maintained at 400 kHz and dyeing times 336 
equal to 30 and 60 min, respectively. Dyed hair surface for continuous ultrasound with a 337 
frequency maintained at 400 kHz and dyeing time equal to 30 min are shown in Figure S-3 338 
(see supporting information).  339 
Comparing Figures 9, S-3, S-4, and S-5 damage to the cuticular layer seems to increase for 340 
non-continuous ultrasound at 400 kHz. Hairs exposed to continuous ultrasound for 10 mins 341 
(or lower) and dyeing times of 30 and 60 min, experienced an intermediate damage, with 342 
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scale fracturing and lifting, also seen from henna dyes (with and without ultrasound). 343 
However, severely damaged hair was found in cases of non-continuous ultrasound and for 15 344 
min of continuous ultrasound, with severe scale fracturing and holes and grooves in hair 345 
fibre. 346 
As mentioned above, enhancing penetration rates of dye into the hair fibre depends on the 347 
selection of ultrasonic parameters. More evidence that using ultrasound in the hair dyeing 348 
procedure decreases dyeing time was found for non-continuous ultrasound. For 60 min 349 
dyeing time, non-continuous ultrasonic times equals to 10 mins (5 + 5 mins), 20 mins (10 + 350 
10 mins) and 30 mins (15 + 15 mins) achieved dye exhaustion values equal to 4.00, 5.32 and 351 
6.09 x 10
-1 
%, respectively (Figure 12). These are larger than the dye exhaustion achieved for 352 
120 min dyeing (3.71 x 10
-1
 %) and close or larger to the exhaustion achieved for 180 min 353 
dyeing (5.66 x 10
-1
 %).  354 
3.4 Consideration of ultrasonic augmentation of coloration and uptake 355 
Measurements of the calorimetric power received by the dyeing vessel at 44, 400 and 1000 356 
kHz were 20.2 ± 1.7 W, 28.7 ± 1.2 W and 28.3 ± 0.4 W, respectively. Although, similar 357 
calorimetric power was observed for 400 and 1000 kHz, a greater hair damage was observed 358 
for 1000 kHz. Augmentation of dye uptake suggests that sonication at 44, 400 and 1000 kHz 359 
increases cavitation activity in the dyeing bath. More chemically active cavitation in the 360 
dyeing vessel is indicated at 400 kHz by dosimetry measurements. Augmentation of hair 361 
coloration (most vivid colour) is also found at 400 kHz, likely to be a balance between power, 362 
cavitation effects and resultant micro-streaming.  363 
The colour fastness of the conventional dyeing method without ultrasound was compared to 364 
10 and 15 min of ultrasound at 400 kHz (Figure 13). In all three cases there is significant 365 
colour loss as the number of washes increases. However after 5 washes without ultrasound 366 
the remaining colour in the hair was negligible compared to that of 10 and 15 min ultrasound 367 
with 2.46 and 4.43 mg, of the dye, respectively. The increase in uptake and fastness indicates 368 
an enhanced streaming and mass transfer effect that enables the dye to diffuse deeper into the 369 
porous hair fiber in ultrasonic conditions.   370 
The ultrasonic effects were considered using sonoluminescence in the dyeing vessel at 400 371 
kHz, (Figure 14a-b). The sonoluminescence images demonstrate the presence of high energy 372 
luminescing bubbles in the vessel. Figure 14a in deionised water shows strong 373 
sonoluminescence, then with hair (Figure 14b) sonoluminescence is still observed, 374 
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demonstrating that the hair does not quench the cavitation activity. However, when the 375 
measurements were made using the herbal hair dye, no sonoluminescence was observed, as 376 
shown in Figure 14c-d. This may be due to chemical quenching of sonoluminescence [45] or 377 
viscosity effects. 378 
Sonochemiluminescence can be detected more easily than sonoluminescence, hence was used 379 
to investigate the viscosity effect of the herbal hair dye on chemically active cavitation 380 
(Figure 15). Images were taken of an alkaline solution with luminol in the dyeing vessel at 381 
400 kHz (Figure 15a), then images of xanthan gum gels (at concentrations of 0.1, 0.2, 0.4 and 382 
0.6% prepared using the alkaline solution and luminol) were also taken in the dyeing vessel at 383 
400 kHz, shown in Figure 15b-e. The variation of the viscosity with the shear rate at different 384 
xanthan gum concentrations is showed in Figure S-4 (see supporting information). 385 
Ashokkumar et al. [46] reported that an increase in bubble density at higher frequencies (440 386 
kHz and various acoustic power levels) leads to increase in the travelling wave field, causing 387 
the localisation of bubbles toward the liquid surface (the travelling wave pushed bubbles 388 
toward the direction of wave propagation and is reflected at the surface, creating a standing 389 
wave below the surface). Figure 15 shows the movement of the sonochemiluminescence 390 
active zone to the gel surface as the concentration of xanthan gum increases (at 400 kHz and 391 
a load power set to 40 W), and little sonochemiluminescence (or nothing) for concentrations 392 
higher than 0.4%. 393 
For solutions with high viscosity, a possible effect on cavitation activity due to a change in 394 
the bubble dynamics was reported [47]. The increase in viscosity with the gum concentrations 395 
is congruent with the reduction of sonochemiluminescence as the concentration of gum 396 
increases. This suggests that the reduction in sonochemiluninescence might be caused by gel 397 
viscosity. Therefore, viscosity may influence the chemical effects of sonication. Another 398 
alternative for the reduction in sonochemiluninescence could be attributed to the interference 399 
of the xanthan gum with the sonochemical reaction chemistry. However this would likely be 400 
seen at even the lowest concentrations of gum. 401 
Figure S-4 also shows that the viscosity of the herbal dye is larger than the most viscous gel 402 
(0.6% xanthan gum). Therefore, we expect that ultrasound-induced chemical activity in the 403 
hair dye will be reduced with the increase in viscosity.   404 
Energy concentration produced by cavitation has physical and chemical effects on the 405 
system. The mechanism of ultrasonic enhancement of hair dyeing is believed to be due to 406 
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physical effects where intense microturbulence (micro-convection) greatly improves mass 407 
transfer in the system [48]. The chemical effect of cavitation, where highly reactive radicals 408 
accelerate chemical reactions, is not considered to be responsible for the enhancements 409 
observed. The absence of the sonochemical effect is supported by no emission of light in 410 
sonoluminescence and sonochemiluminescence experiments for the hair dye and the 0.6% 411 
xanthan gum, respectively. Based on this evidence, we concluded that ultrasonics effects are 412 
likely to be due to physical effects where mass transfer is enhanced due to intense 413 
microturbulence. 414 
4. Conclusion 415 
The study has revealed that hair dyed with the herbal henna-based hair dye using the 416 
conventional method is severely damaged for dyeing times of 120 and 180 min. The 417 
inclusion of ultrasound in the dyeing method is influenced by the selection of ultrasonic 418 
parameters, including frequency and sonication time. Severe hair damage as a result of using 419 
ultrasound was identified for ultrasonic times equal to 15 mins and for non-continuous 420 
ultrasound (5 + 5 mins, 10 + 10 mins, 15 + 15 mins). Based on SEM observations, dye uptake 421 
and image analysis, optimal ultrasonic parameters using this set up for hair dyeing include a 422 
sonication time of 10 min at 400 kHz and 60 min total dyeing time. Optimal parameters 423 
selected offer ultrasonic enhancement for maximum hair coloration and minimum dyeing 424 
time and hair damage. 425 
Improvement of hair dyeing is suggested to be a result of sonomechanical effects, instead of 426 
sonochemical effects since dye viscosity likely reduced sonochemistry occurring. 427 
Sonochemiluminescence measurements on various viscous solutions showed a reduction in 428 
activity attributed to the increased viscosity. Therefore sonomechanical effects augment dye 429 
uptake likely via mass transfer and shear forces.  430 
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Figure captions 534 
Figure 1: Schematic representation of the ultrasound system.  535 
Figure 2: Examples of 63 × 30 pixel square region in three different regions of the image. 536 
Figure 3: SEM images of the (a) undyed hair, and hair dyed using the conventional method (without 537 
ultrasound) using: (b) herbal cream dye (dyeing time of 60 min) and (c) chemical permanent dye 538 
(dyeing time of 30 min).  539 
Figure 4: Digital images of the (a) undyed hair, and dyed hair using the conventional method (without 540 
ultrasound) using: (b) herbal dye (60 min), (c) permanent chemical dye (30 min) and (d) semi-541 
permanent chemical dye (30 min). 542 
Figure 5: SEM images of dyed hair (herbal dye) using the conventional method (without ultrasound) 543 
with dyeing times of (a) 30 min, (b) 60 min and (e) 120 min. 544 
Figure 6: Digital images of the (a) undyed and dyed hair with the herbal dye using the conventional 545 
method (without ultrasound) with dyeing times of (b) 30 min, (c) 60 min and (d) 120 min. 546 
Figure 7: Dye uptake expressed as percentage exhaustion (uptake from an excess dye offer of 4 g) for 547 
hair dyed using the conventional method (without ultrasound) and dyeing times of 30, 60, 120 and 548 
180 min. The values are the mean and standard deviation from three measurements. 549 
Figure 8: Concentration of I3
-
 in the dyeing vessel after sonication (for 5, 10 and 15 min) at ultrasonic 550 
frequencies of 44 kHz (circles), 400 kHz (triangles) and 1000 kHz (squares). The values are the mean 551 
and standard deviation from three measurements. Lines are provided as a guide. 552 
Figure 9: SEM images of dyed hair using ultrasound in the dyeing method with an ultrasonic 553 
frequencies of 44 khz (top) 400 kHz (middle) and 1000 kHz (bottom), with ultrasound times of (a) 5 554 
min, (b) 10 min and (c) 15 min. Total dyeing time was equal to 60 min. 555 
Figure 10: Array of colours achieved for (a) different dyeing times and (b) different frequencies and 556 
sonication times with dyeing time maintained at 60 min. 557 
Figure 11: Dye uptake expressed as percentage exhaustion (uptake from an excess dye offer of 4 g) 558 
for hair dyed using ultrasound in the dyeing method and 60 min dyeing. Ultrasonic parameters include 559 
continuous sonication times of 5, 10 and 15 min and a frequency of 44, 400 and 1000 kHz. The values 560 
are the mean and standard deviation from three measurements. 561 
Figure 12: Dye uptake expressed as percentage exhaustion (uptake from an excess dye offer of 4 g) 562 
for hair dyed using non-continuous ultrasound in the dyeing method and 60 min dyeing. Ultrasonic 563 
times were equal to 0 (no ultrasound), 10, 20 and 30 min and a frequency of 400 kHz. The values are 564 
the mean and standard deviation from three experiments. 565 
Figure 13: Colour fastness comparison for hair dyed with herbal dye for 60 min with ultrasound (US) 566 
for 0, 10 and 15 min at 400 kHz. 567 
Figure 14: Sonoluminescence images for (a) deionised water, (b) deionised water with hair, (c) herbal 568 
dye and (d) herbal dye with hair for an ultrasonic frequency of 400 kHz. 569 
Figure 15: Positioning of the vial in the water and sonochemiluminescence images of (a) alkaline 570 
solution and luminol and xanthan gum gels at concentrations of (b) 0.1%, (c) 0.2%, (d) 0.4% and (e) 571 
0.6% prepared using the alkaline solution and luminol.  572 
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 573 
Figure 1: Schematic representation of the ultrasound system.  574 
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 576 
Figure 2: Examples of 63 × 30 pixel square region in three different regions of the image. 577 
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 579 
Figure 3: SEM images of the (a) undyed hair, and hair dyed using the conventional method (without 580 
ultrasound) using: (b) herbal cream dye (dyeing time of 60 min) and (c) chemical permanent dye 581 
(dyeing time of 30 min).  582 
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 584 
Figure 4: Digital images of the (a) undyed hair, and dyed hair using the conventional method (without 585 
ultrasound) using: (b) herbal dye (60 min), (c) permanent chemical dye (30 min) and (d) semi-586 
permanent chemical dye (30 min). 587 
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 589 
Figure 5: SEM images of dyed hair (herbal dye) using the conventional method (without ultrasound) 590 
with dyeing times of (a) 30 min, (b) 60 min and (e) 120 min. 591 
  592 
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 593 
Figure 6: Digital images of the (a) undyed and dyed hair with the herbal dye using the conventional 594 
method (without ultrasound) with dyeing times of (b) 30 min, (c) 60 min and (d) 120 min. 595 
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 597 
 598 
599 
Figure 7: Dye uptake expressed as percentage exhaustion (uptake from an excess dye offer of 4 g) for 600 
hair dyed using the conventional method (without ultrasound) and dyeing times of 30, 60, 120 and 601 
180 min. The values are the mean and standard deviation from three measurements. 602 
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 604 
Figure 8: Concentration of I3
-
 in the dyeing vessel after sonication (for 5, 10 and 15 min) at ultrasonic 605 
frequencies of 44 kHz (circles), 400 kHz (triangles) and 1000 kHz (squares). The values are the mean 606 
and standard deviation from three measurements. Lines are provided as a guide. 607 
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 612 
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614 
Figure 9: SEM images of dyed hair using ultrasound in the dyeing method with an ultrasonic 615 
frequencies of 44 khz (top) 400 kHz (middle) and 1000 kHz (bottom), with ultrasound times of (a) 5 616 
min, (b) 10 min and (c) 15 min. Total dyeing time was equal to 60 min. 617 
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 619 
Figure 10: Array of colours achieved for (a) different dyeing times and (b) different frequencies and 620 
sonication times with dyeing time maintained at 60 min. 621 
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623 
Figure 11: Dye uptake expressed as percentage exhaustion (uptake from an excess dye offer of 4 g) 624 
for hair dyed using ultrasound in the dyeing method and 60 min dyeing. Ultrasonic parameters include 625 
continuous sonication times of 5, 10 and 15 min and a frequency of 44, 400 and 1000 kHz. The values 626 
are the mean and standard deviation from three measurements. 627 
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 629 
630 
Figure 12: Dye uptake expressed as percentage exhaustion (uptake from an excess dye offer of 4 g) 631 
for hair dyed using non-continuous ultrasound in the dyeing method and 60 min dyeing. Ultrasonic 632 
times were equal to 0 (no ultrasound), 10, 20 and 30 min and a frequency of 400 kHz. The values are 633 
the mean and standard deviation from three experiments. 634 
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 636 
Figure 13: Colour fastness comparison for hair dyed with herbal dye for 60 min with ultrasound (US) 637 
for 0, 10 and 15 min at 400 kHz. 638 
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 641 
Figure 14: Sonoluminescence images for (a) deionised water, (b) deionised water with hair, (c) herbal 642 
dye and (d) herbal dye with hair for an ultrasonic frequency of 400 kHz. 643 
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 645 
Figure 15: Positioning of the vial in the water and sonochemiluminescence images of (a) alkaline 646 
solution and luminol and xanthan gum gels at concentrations of (b) 0.1%, (c) 0.2%, (d) 0.4% and (e) 647 
0.6% prepared using the alkaline solution and luminol. 648 
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Table Captions 650 
Table 1: RGB and HSV values, HEX numbers and RGB percentages for undyed and dyed goat hair. 651 
Hair was dyed using herbal (dyeing time of 60 min) and chemical dyes (dyeing time of 30 min). 652 
Table 2: RGB and HSV values, HEX numbers and RGB percentages for dyed hair using herbal dye 653 
and dyeing times of 30, 60 and 120 min. 654 
Table 3: HEX numbers and HSV values for dyed hair using herbal dye (dyeing time of 60 min). 655 
Ultrasonic parameters include time intervals of 5, 10 and 15 min and frequencies of 44, 400 and 1000 656 
kHz. RGB values and RGB percentages are shown in the supporting information. 657 
Table 4: HEX numbers and HSV values for dyed hair using herbal dye and dyeing times of 30 and 60 658 
min. Ultrasonic parameters include continuous (sonication time equals to 5, 10 and 15 min) and non-659 
continuous (sonication time equals to 10, 20 and 30 min) ultrasound and a frequency of 400 kHz. 660 
RGB values and RGB percentages are shown in the supporting information. 661 
 662 
 663 
 664 
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Table 1: RGB and HSV values, HEX numbers and RGB percentages for undyed and dyed goat hair. 666 
Hair was dyed using herbal (dyeing time of 60 min) and chemical dyes (dyeing time of 30 min). 667 
Sample  
*RGB 
# HEX 
number 
RGB Percentages HSV 
RED GREEN  BLUE 
RED 
% 
GREEN 
% 
BLUE 
% 
Hue 
(°) 
Saturation 
% 
Value 
% 
Virgin hair 133.9 133.8 101.8 
868666
 
36.2 36.2 27.6 60.0 23.9 52.5 
Dyed hair using 
herbal dye  
97.5 71.1 22.0 
624716 
 
51.3 37.2 11.5 38.7 77.6 38.4 
Dyed hair using 
permanent dye 
(chemical dye) 
41.0 12.1 9.6 
290C0A 
 
65.1 19.1 15.9 3.9 75.6 16.1 
Dyed hair using 
semi-permanent 
dye (chemical dye) 
78.2 16.6 16.7 
4E1111 
 
69.6 15.2 15.2 0.0 78.2 30.6 
* Reported RGB values represent the mean and standard deviation of three measurements with consistency 668 
within 10%. 669 
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Table 2: RGB and HSV values, HEX numbers and RGB percentages for dyed hair using herbal dye 671 
and dyeing times of 30, 60 and 120 min. 672 
Sample  
*RGB 
# HEX 
number 
RGB Percentages HSV 
RED GREEN  BLUE 
RED 
% 
GREEN 
% 
BLUE 
% 
Hue 
(°) 
Saturation 
% 
Value 
% 
Dyed hair, dyeing 
time 30 min  
109.5 92.6 28.9 
6E5D1D 
 
47.4 40.1 12.5 47.4 73.6 43.1 
Dyed hair, dyeing 
time 60 min  
97.5 71.1 22.0 
624716 
 
51.3 37.2 11.5 38.7 77.6 38.4 
Dyed hair, dyeing 
time 120 min  
79.2 45.9 3.0 
4F2E03 
 
61.7 35.9 2.3 33.9 96.2 31.0 
* Reported RGB values represent the mean and standard deviation of three measurements with consistency 673 
within 10%. 674 
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Table 3: HEX numbers and HSV values for dyed hair using herbal dye (dyeing time of 60 min). 676 
Ultrasonic parameters include time intervals of 5, 10 and 15 min and frequencies of 44, 400 and 1000 677 
kHz. RGB values and RGB percentages are shown in the supporting information. 678 
Sample # HEX number 
 HSV 
 Hue 
(°) Saturation % Value % 
No ultrasound 624716  38.7 77.6 38.4 
5 min, 44 kHz 583D13  36.5 78.4 34.5 
10 min, 44 kHz 5C390F  32.7 83.7 36.1 
15 min, 44 kHz 6A4A1D  35.1 72.6 41.6 
5 min, 400 kHz 6E4F09  41.6 91.8 43.1 
10 min, 400 kHz 502B04  30.8 95.0 31.4 
15 min, 400 kHz 7F5E1B  40.2 78.7 49.8 
5 min, 1000 kHz 645022  41.8 66.0 39.2 
10 min, 1000 kHz 644417  35.1 77.0 39.2 
15 min, 1000 kHz 513712  35.2 77.8 31.8 
 679 
 680 
  681 
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Table 4: HEX numbers and HSV values for dyed hair using herbal dye and dyeing times of 30 and 60 682 
min. Ultrasonic parameters include continuous (sonication time equals to 5, 10 and 15 min) and non-683 
continuous (sonication time equals to 10, 20 and 30 min) ultrasound and a frequency of 400 kHz. 684 
RGB values and RGB percentages are shown in the supporting information. 685 
Sample # HEX number 
 HSV 
 Hue 
(°) Saturation % Value % 
No ultrasound, 30 min dyeing 6E5D1D  47.4 73.6 43.1 
5 min, 30 min dyeing 6A591B  47.1 74.5 41.6 
10 min, 30 min dyeing 5E3A05  35.7 94.7 36.9 
15 min, 30 min dyeing 593806  36.1 93.3 34.9 
No ultrasound, 60 min dyeing 624716  38.7 77.6 38.4 
5 min, 60 min dyeing 6E4F09  41.6 91.8 43.1 
10 min, 60 min dyeing 502B04  30.8 95.0 31.4 
15 min, 60 min dyeing 7F5E1B  40.2 78.7 49.8 
5 + 5 min, 30 min dyeing 664914  38.8 80.4 40.0 
10 + 10 min, 30 min dyeing 4D2A07  30.0 90.9 30.2 
15 + 15 min, 30 min dyeing 4A280A  28.1 86.5 29.0 
5 + 5 min, 60 min dyeing 6D4610  34.8 85.3 42.7 
10 + 10 min, 60 min dyeing 724B12  35.6 84.2 44.7 
15 + 15 min, 60 min dyeing 4C2806  29.1 92.1 29.8 
 686 
  687 
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Supporting information 688 
 689 
 690 
Figure S-1: SEM images of dyed hair using non-continuous ultrasound and sonication times of (a) 10 691 
min, (b) 20 min and (c) 30 min, a frequency of 400 kHz and dyeing time of 30 min. 692 
 693 
 694 
Figure S-2: SEM images of dyed hair using non-continuous ultrasound and sonication times of (a) 10 695 
min, (b) 20 min and (c) 30 min, a frequency of 400 kHz and dyeing time of 60 min. 696 
 697 
Figure S-3: SEM images of dyed hair using continuous ultrasound in the dyeing method with an 698 
ultrasonic frequency of 400 kHz, ultrasound times of (a) 5 min, (b) 10 min and (c) 15 min, and dyeing 699 
time of 30 min. 700 
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 701 
Figure S-4: Variation of viscosity with shear rate for herbal hair dye and xanthan gum gels at 702 
concentrations of 0.2, 0.4 and 0.6%. 703 
Table 3: RGB and RGB percentages for dyed hair using herbal dye (dyeing time of 60 min). 704 
Ultrasonic parameters include time intervals of 5, 10 and 15 min and frequencies of 44, 400 and 1000 705 
kHz. 706 
 707 
* Reported RGB values represent the mean and standard deviation of three measurements with consistency 708 
within 10%. 709 
RED GREEN BLUE RED % GREEN % BLUE %
No ultrasound 97.5 71.1 22 51.3 37.2 11.5
5 min, 44 kHz 87.9 60.8 18.5 52.4 36.3 11.3
10 min, 44 kHz 91.9 57.1 15.2 56.1 34.8 9.2
15 min, 44 kHz 106.2 73.8 28.6 50.7 35.4 13.7
5 min, 400 kHz 109.9 78.5 9.4 55.6 39.9 4.6
10 min, 400 kHz 79.8 43.4 4.2 63 33.9 3.2
15 min, 400 kHz 127.1 94.2 27 51.2 37.9 10.9
5 min, 1000 kHz 99.8 79.5 34.2 46.7 37.4 15.9
10 min, 1000 kHz 100.1 68.4 22.9 52.4 35.6 12
15 min, 1000 kHz 80.9 54.5 18 52.6 35.7 11.7
Sample 
*RGB RGB Percentages
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Table 4: RGB and RGB percentages for dyed hair using herbal dye and dyeing times of 30 and 60 710 
min. Ultrasonic parameters include continuous (sonication time equals to 5, 10 and 15 min) and non-711 
continuous (sonication time equals to 10, 20 and 30 min) ultrasound and a frequency of 400 kHz. 712 
 713 
* Reported RGB values represent the mean and standard deviation of three measurements with consistency 714 
within 10%. 715 
 716 
 717 
 718 
 719 
 720 
RED GREEN BLUE RED % GREEN % BLUE %
No ultrasound, 30 min dyeing 109.5 92.6 28.9 47.4 40.1 12.5
5 min, 30 min dyeing 106.1 88.6 27.2 47.7 40.1 12.2
10 min, 30 min dyeing 93.5 57.6 4.7 59.9 36.9 3.1
15 min, 30 min dyeing 88.5 55.9 5.7 58.9 37.1 4
No ultrasound, 60 min dyeing 97.5 71.1 22 51.3 37.2 11.5
5 min, 60 min dyeing 109.9 78.5 9.4 55.6 39.9 4.6
10 min, 60 min dyeing 79.8 43.4 4.2 63 33.9 3.2
15 min, 60 min dyeing 127.1 94.2 27 51.2 37.9 10.9
5 + 5 min, 30 min dyeing 101.6 73.2 20 52.3 37.4 10.3
10 + 10 min, 30 min dyeing 76.7 42.4 7.3 61.1 33.3 5.6
15 + 15 min, 30 min dyeing 74.4 39.7 9.8 59.7 32.3 8.1
5 + 5 min, 60 min dyeing 108.6 69.7 15.9 55.9 35.9 8.2
10 + 10 min, 60 min dyeing 113.8 74.9 17.8 55.1 36.2 8.7
15 + 15 min, 60 min dyeing 76 39.8 6.2 62.3 32.8 4.9
Sample
*RGB RGB Percentages
